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ABSTRACT A betulinic acid-based compound, bevirimat (BVM), inhibits HIV-1
maturation by blocking a late step in protease-mediated Gag processing: the
cleavage of the capsid-spacer peptide 1 (CA-SP1) intermediate to mature CA.
Previous studies showed that mutations conferring resistance to BVM cluster
around the CA-SP1 cleavage site. Single amino acid polymorphisms in the SP1
region of Gag and the C terminus of CA reduced HIV-1 susceptibility to BVM,
leading to the discontinuation of BVM'’s clinical development. We recently re-
ported a series of “second-generation” BVM analogs that display markedly im-
proved potency and breadth of activity relative to the parent molecule. Here, we
demonstrate that viral clones bearing BVM resistance mutations near the C ter-
minus of CA are potently inhibited by second-generation BVM analogs. We per-
formed de novo selection experiments to identify mutations that confer resis-
tance to these novel compounds. Selection experiments with subtype B HIV-1
identified an Ala-to-Val mutation at SP1 residue 1 and a Pro-to-Ala mutation at
CA residue 157 within the major homology region (MHR). In selection experi-
ments with subtype C HIV-1, we identified mutations at CA residue 230 (CA-
V230M) and SP1 residue 1 (SP1-A1V), residue 5 (SP1-S5N), and residue 10 (SP1-
G10R). The positions at which resistance mutations arose are highly conserved across
multiple subtypes of HIV-1. We demonstrate that the mutations confer modest to high-
level maturation inhibitor resistance. In most cases, resistance was not associated with a
detectable increase in the kinetics of CA-SP1 processing. These results identify mutations
that confer resistance to second-generation maturation inhibitors and provide novel in-
sights into the mechanism of resistance.

IMPORTANCE HIV-1 maturation inhibitors are a class of small-molecule compounds
that block a late step in the viral protease-mediated processing of the Gag polypro-
tein precursor, the viral protein responsible for the formation of virus particles. The
first-in-class HIV-1 maturation inhibitor bevirimat was highly effective in blocking
HIV-1 replication, but its activity was compromised by naturally occurring sequence
polymorphisms within Gag. Recently developed bevirimat analogs, referred to as
“second-generation” maturation inhibitors, overcome this issue. To understand more
about how these second-generation compounds block HIV-1 maturation, here we
selected for HIV-1 mutants that are resistant to these compounds. Selections were
performed in the context of two different subtypes of HIV-1. We identified a small
set of mutations at highly conserved positions within the capsid and spacer peptide
1 domains of Gag that confer resistance. Identification and analysis of these matura-
tion inhibitor-resistant mutants provide insights into the mechanisms of resistance
to these compounds.
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ore than two dozen drugs are currently approved for the treatment of HIV-1

infection (1). These drugs primarily target the viral enzymes reverse transcriptase
(RT), protease (PR), and integrase (IN). Inhibitors targeting viral entry and fusion have also
been developed (http://www.who.int/mediacentre/factsheets/fs360/en/). Although com-
bination antiretroviral therapy (cART) can achieve sustained suppression of viral loads
in infected individuals, toxicity can limit drug efficacy in some cases, and drug resis-
tance may become an increasingly serious issue over time (2-6). Thus, novel inhibitors
with targets that differ from those of current drugs are needed. Maturation inhibitors
(Mls) represent a promising class of compounds that are currently at an early stage of
clinical development.

The HIV-1 structural protein Gag is processed in a stepwise fashion by the viral PR
during particle release from the infected cell (7-9). PR-mediated Gag processing
generates matrix (MA), capsid (CA), spacer peptide 1 (SP1), nucleocapsid (NC), spacer
peptide 2 (SP2), and p6. This PR-mediated Gag processing triggers virus maturation,
during which the noninfectious, immature virus particle is converted to an infectious
particle containing a conical capsid core inside the virion. The first-in-class Ml bevirimat
(BVM) acts by blocking CA-SP1 cleavage, the final step in the Gag processing cascade,
resulting in the formation of poorly infectious viral particles lacking condensed conical
cores (10, 11). Unlike PR inhibitors that bind the enzyme and globally block its
proteolytic activity, BVM is thought to associate with a pocket in the assembled Gag
complex and specifically disrupt processing at the CA-SP1 junction (12-14). A second
MI, PF-46396 (PF96), although structurally distinct from BVM, appears to act via a similar
mechanism (15-17). The CA-SP1 boundary region of Gag, in which the putative MI
binding site is located, plays a central role in virus assembly and in the regulation of
particle maturation (7, 18). Understanding how Mls act is thus of great interest not only
for the development of this promising class of antiretroviral compounds but also for
understanding basic aspects of HIV-1 assembly and maturation.

We previously conducted extensive resistance selection analyses with both BVM (19)
and PF96 (17). BVM resistance mutations clustered around the CA-SP1 cleavage site at
CA residues 226 and 231 and SP1 residues 1 and 3 (10, 19). Mutations that conferred
resistance to PF96 were identified not only around the CA-SP1 cleavage site but also far
upstream at CA residue 201 (15, 17) and at CA residues 156, 157, and 160 in the major
homology region (MHR) (17). The MHR mutants were defective for assembly and
replication in the absence of PF96 but in its presence were assembly competent and
replication proficient. This compound-dependent behavior suggested that PF96 could
correct an assembly defect conferred by the MHR mutations. The replication defect
imposed by the compound-dependent mutations could also be corrected by second-site
mutations downstream in SP1, most notably SP1-T8l (17, 20). On its own, the SP1-T8l
mutation phenocopied MI binding by interfering with CA-SP1 processing and stabilizing
the immature Gag lattice (17, 20). We also observed that mutations at SP1 residue 3
conferred a BVM-dependent phenotype (19). Based on current structural models for the
immature Gag lattice (21, 22), it appears that the MI-dependent mutations destabilize an
assembly domain spanning the base of the C-terminal domain of CA (CA-CTD) and the
N-terminal six residues of SP1. Mls and the SP1-T8l mutation reverse the assembly defect
conferred by the compound-dependent MHR and SP1 residue 3 mutations by stabilizing
the CA-SP1 assembly domain. These findings illustrate the value of resistance selection
studies in understanding the structural basis for MI activity.

Although the amino acid residues at which resistance mutations arise are very highly
conserved across major subtypes of HIV-1, the central and C-terminal portions of SP1 are
less conserved. In particular, SP1 residues 6 to 8 (GIn-Val-Thr, the so-called “QVT” motif) are
highly polymorphic in non-subtype B isolates (https://www.hiv.lanl.gov/content/sequence/
HIV). Clinical trials demonstrated that BVM was well tolerated, and in individuals
infected with viruses containing the clade B consensus QVT motif in SP1, significant
reductions in viral loads were achieved during a 10-day treatment period (23-25).
However, polymorphisms in the QVT motif, in particular SP1-V7A, reduced the suscep-
tibility of HIV-1 to BVM (26-28). To overcome this reduced potency elicited by SP1
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FIG 1 Structures of BVM and second-generation MIs 7m and 7r (36).

polymorphisms, second-generation Mls are being developed by our group and others
(29-36). These BVM analogs display marked improvements in potency against both
consensus clade B isolates (e.g., NL4-3) and primary clinical isolates from multiple HIV-1
subtypes. Although second-generation BVM analogs clearly display increased potency
and broad activity relative to BVM, the pathway(s) to resistance against these com-
pounds in de novo selection experiments has not been determined.

In this study, we analyze the ability of second-generation Mls to inhibit BVM-
resistant isolates and perform in vitro selection experiments with both subtype B
and C clones to identify novel mutations that confer resistance to second-
generation Mls. We identify a mutation in the CA MHR and a small set of mutations
near the CA-SP1 junction that confer either partial or high-level resistance to these
inhibitors.

RESULTS

Second-generation MIs retain significant activity against BVM-resistant CA
mutants. We recently identified a set of BVM analogs that demonstrate increased
potency against the subtype B laboratory isolate NL4-3 and are active against an
NL4-3 derivative bearing the SP1-V7A substitution (e.g., compounds 7m and 7r) (Fig.
1) (36, 37). These second-generation compounds are also active against a multi-
subtype panel of HIV-1 isolates (36, 37). As a first step toward defining pathways of
resistance to these highly potent BVM analogs, we examined their activity against
a set of previously selected BVM-resistant mutants: CA-H226Y, CA-L231M, CA-L231F,
SP1-A1V, SP1-A3V, and SP1-A3T (19). Cells transfected with wild-type (WT) and
mutant molecular clones were treated or not treated with 100 nM of the com-
pounds 7m and 7r (36) and metabolically labeled with [35S]Met-Cys, and the
released HIV-1 particles were collected by ultracentrifugation and analyzed directly.
As previously reported (19), BVM impaired the processing of WT CA-SP1 to mature
CA (leading to an increase in virion-associated CA-SP1) but was inactive against this
panel of BVM-resistant mutants (Fig. 2A). In contrast, two representative second-
generation BVM analogs, denoted 7m and 7r (36), markedly impaired CA-SP1
processing of the BVM-resistant CA mutants CA-H226Y, CA-L231M, and CA-L231F
(Fig. 2A). To examine the effects of compounds 7m and 7r in spreading infections
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FIG 2 Second-generation MIs can inhibit CA-SP1 processing of BVM-resistant C-terminal CA mutants. (A) CA-SP1 processing
data for CA-H226Y, L231F, and L231M C-terminal CA mutants, with quantification of percent CA-SP1 accumulation indicated
in the graph, using the radiolabeling-based CA-SP1 processing assay (see Materials and Methods) (n = 3 independent assays;
means * standard deviations [SD]). (B) Replication kinetics of WT, CA-L231M, CA-H226Y, and CA-L231M in the absence
(dimethyl sulfoxide [DMSQ]) or presence of 7m or 7r. Virus stocks were generated in 293T cells, normalized for RT activity, and
used to infect the Jurkat T-cell line. Cells were split every 2 days, and virus replication was monitored by RT activity.

in a human T-cell line, Jurkat cells were infected with WT or mutant molecular
clones. The infected cells were then propagated in the presence or absence of 7m
or 7r, and virus replication was monitored by reverse transcriptase (RT) activity in
the infected cell cultures. The results indicated that these second-generation Mls
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FIG 3 Quantification of CA-SP1 processing in the presence of 7m or 7r for SP1-A1V, A3T, and A3V (A) and
SP1-V7A, CA-V230l, and CA-V230I/SP1-V7A (B). BYM and the DMSO vehicle were included as controls
(n = 3 independent assays; means * SD).

were able to block or markedly delay the replication of the BVM-resistant CA
mutants CA-H226Y, CA-L231M, and CA-L231F in the Jurkat T-cell line (Fig. 2B).

In contrast to their activity against the BVM-resistant CA mutants CA-H226Y, CA-
L231M, and CA-L231F, compounds 7m and 7r did not induce significant levels of CA-SP1
accumulation in the context of the BVM-resistant SP1 mutants SP1-A1V, SP1-A3V, and
SP1-A3T (Fig. 3A). Likewise, the CA-V230I/SP1-V7A double mutant, which was selected as a
BVM-resistant polymorph from mixed recombinant patient-derived HIV-1 isolates (38), was
also resistant to the second-generation compounds (Fig. 3B). This result is consistent with
our recent observation that the BVM analogs did not inhibit a subtype A isolate containing
the CA-V2301/SP1-V7A double polymorph (36). The second-generation Mis were markedly
more potent than BVM in their ability to block CA-SP1 processing of the SP1-V7A and
CA-V230I single amino acid polymorphs (Fig. 3B).

Selection for resistance to second-generation HIV-1 Mis in subtype B HIV-1. To
define further the resistance pathways that enable HIV-1 to escape from second-
generation Mls, we performed de novo selection experiments with compounds 7m
and 7r. The Jurkat T-cell line was transfected with pNL4-3, and cells were cultured
in the presence of a low concentration (2 nM) of the compound. Virus replication
was monitored by RT activity. In untreated cultures, virus replication peaked at
approximately 1 week posttransfection; in contrast, in cultures treated with 7m or
7r, no replication was observed for the first 3 weeks after transfection, but RT
activity was detected thereafter (a representative selection experiment is shown in
Fig. 4A). Virus was collected during peak replication and repassaged into fresh
Jurkat cells in the presence of 2 or 10 nM compound 7m or 7r (data not shown).
Sequencing of viral DNA from the peak of RT activity identified two mutations
within the Gag-coding region: SP1-A1V (previously detected in our BVM selection
experiments [10, 19]) and CA-P157A, located within the major homology region
(MHR) of CA (Fig. 4B).

In Fig. 2, we present data indicating that SP1-A1V confers resistance to compounds
7m and 7r. To determine whether CA-P157A also confers resistance, we introduced this
mutation into pNL4-3 and performed the CA-SP1 processing assay described above.
The results indicated that treatment of virus-producing cells with 100 nM 7m or 7r
resulted in a small but statistically significant increase in CA-SP1 levels in virions relative
to levels observed in virions from untreated cells (Fig. 4C). These results demonstrate
that the CA-P157A MHR mutation confers high-level, but not complete, resistance to
the second-generation Mls 7m and 7r in the CA-SP1 processing assay.
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FIG 4 Selection and analysis of mutants resistant to second-generation Mls in the subtype B context. (A)
The Jurkat T-cell line was transfected with pNL4-3 and cultured in the presence or absence of 2 nM
compound 7m or 7r. DMSO served as the vehicle control. Virus replication was monitored by an RT assay.
(B) Location of the mutations identified in selection experiments: P157A in the CA major homology
region (MHR) and SP1-A1V. The top shows the general organization of Pr55Gag; the sequences corre-
sponding to the red boxes are indicated by arrows. The stippled arrow denotes the location of the
CA-SP1 cleavage site. NTD, N-terminal domain. (C) Effect of the CA-P157A mutation on the ability of 7m
and 7r to block CA-SP1 processing, using the radiolabeling-based CA-SP1 processing assay (see Materials
and Methods). DMSO and BVM are included as controls. The 7m and 7r compounds caused a small but
statistically significant (** denotes a P value of <0.02 by Student’s t test) increase in the accumulation of
CA-P157A CA-SP1 relative to the DMSO control (n = 3 independent experiments).

To confirm these findings in the context of a spreading HIV-1 infection, we evaluated
virus replication kinetics in the presence and absence of the inhibitor. The Jurkat T-cell
line was transfected with WT pNL4-3 or derivatives containing the CA-P157A or
SP1-A1V mutation. Transfected cells were cultured in several concentrations of the
compounds (5, 10, 25, and 50 nM), and replication was monitored by RT activity. All
concentrations of 7r significantly interfered with the replication of WT NL4-3; only at 5
nM 7r was any replication observed, and this occurred with a delay of approximately
1 month relative to that in the untreated culture (Fig. 5A). With SP1-A1V, little effect of
the compounds was observed (Fig. 5B), consistent with this mutation conferring
high-level MI resistance. The CA-P157A mutant showed an incompletely resistant
phenotype, with the two highest concentrations of compound 7r (25 and 50 nM)
causing a delay in virus replication of approximately 1 week but with the two lower
concentrations (5 and 10 nM) not affecting virus replication kinetics (Fig. 5C). Similar
results were obtained with compound 7m (data not shown). Together, the results
demonstrate that SP1-A1V confers high-level resistance to the second-generation Mls
tested here, whereas CA-P157A confers high-level, but not complete, resistance. The
CA-P157A data highlight that (in the context of subtype B NL4-3) even small increases
in CA-SP1 accumulation (Fig. 4C) are associated with significant delays in virus repli-
cation. These results also highlight the close correlation between increased CA-SP1
accumulation and delayed virus replication in the context of subtype B NL4-3.
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FIG 5 Resistance to second-generation MIs is conferred by SP1-A1V and CA-P157A mutations in spreading
HIV-1 infections. The Jurkat T-cell line was transfected with WT pNL4-3 or the indicated mutant derivatives
and cultured in the absence of Ml or in the presence of the indicated concentrations of BVM or 7r. Virus
replication was monitored by an RT assay.

To quantitatively measure the level of Ml resistance conferred by the CA-P157A and
SP1-A1V mutations, we performed 50% inhibitory concentration (IC5,) analyses using
single-cycle infectivity assays. 293T cells were transfected with WT or mutant molecular
clones and treated with 22 concentrations of 7r from 0 to 8 uM (see Materials and
Methods). Virus-containing supernatants were harvested, normalized for RT activity,
and used to infect the TZM-bl indicator cell line (39). Luciferase activity was measured
at 2 days postinfection. Infectivity data were analyzed with GraphPad Prism from four
independent experiments (see Materials and Methods). Data from a representative
experiment are shown in Fig. 6A. From these data, we also calculated the maximum
percent inhibition (MPI) using the equation MPI = 1 — (signal from the average at the
two highest drug concentrations)/(signal from the no-drug control) X 100 (40) (Fig. 6B).
Against WT NL4-3, 7r demonstrated an ICs, of 9 nM and an MPI of 97%. In this analysis,
the CA-P157A and SP1-A1V mutations demonstrated high-level resistance to 7r. A small
amount of inhibition (MPI of ~12%) was observed with CA-P157A, consistent with the
results of the CA-SP1 processing and spreading replication assays.

Selection for resistance to second-generation HIV-1 Mis in subtype C HIV-1.
BVM is ineffective against a subset of HIV-1 subtype B isolates with polymorphisms near
the CA-SP1 cleavage site, including SP1-V7A within the “QVT” motif (SP1 residues 6 to
8) (26-28). These polymorphisms are more prevalent in subtype C isolates; as a result,
many clade C viruses are naturally resistant to BVM (37). We recently reported that the
BVM analog 7r showed a significantly lower IC,, against subtype C isolates than BVM
(36, 37). To investigate pathways of resistance to second-generation BVM analogs in the
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FIG 6 Quantitative assessment of Ml resistance conferred by CA-P157A and SP1-A1V. 293T cell were transfected with WT or mutant molecular
clones, and the transfected cells were treated with 22 concentrations of 7r from 0 to 8 uM (see Materials and Methods). Virus-containing
supernatants were harvested, normalized for RT activity, and used to infect TZM-bl cells. Infectivity data were analyzed with GraphPad Prism 7
for Mac OS X from four independent experiments. Curves were fit using nonlinear regression as log(inhibitor) versus normalized response, with
a variable slope using a least-squares (ordinary) fit. (A) Data from one representative experiment. (B) Maximum percent inhibition (MPI) calculated
from the single-cycle (SC) assays described above for panel A, using the equation MPI = 1 — (signal from the average at the two highest drug
concentrations)/(signal from the no-drug control) X 100. The SD is indicated (n = 4). NA, not applicable.

context of subtype C HIV-1, we performed resistance selection experiments using the
transmitted/founder subtype C isolate K3016 (41). This clone encodes QAN (rather than
QVT) at SP1 residues 6 to 8 (Fig. 7A). K3016 replication was monitored in the HUTR5
T-cell line in the presence or absence of BVM analogs by a p24 enzyme-linked
immunosorbent assay (ELISA). Virus replication was observed with a significant delay in
compound-treated cultures relative to untreated controls (data not shown). Sequenc-
ing of the viral DNA isolated from infected cultures revealed the presence of several
mutations, including CA-V230M, SP1-A1V, SP1-S5N, and SP1-G10R (Fig. 7A). SP1-S5N
and G10R were detected together in the same culture, suggesting that they may have
arisen as a double mutant.

To test the ability of the CA-V230M, SP1-A1V, SP1-S5N, and SP1-G10R mutations to
confer resistance in the context of subtype C HIV-1, these substitutions were introduced
individually into the K3016 clone; an SP1-S5N/G10R double mutant was also constructed.
The effect of these mutations on CA-SP1 processing with and without second-generation
Mls was evaluated in a radiolabeling assay (Fig. 7B). At concentrations of 100 nM, 7m and
7r had moderate and nearly equivalent effects (~40% to 50% accumulation) on CA-SP1
processing of the SP1-S5N and SP1-G10R mutants. The SP1-S5N/G10R double mutant
showed ~35% to 40% CA-SP1 accumulation at 100 nM. At 500 nM concentrations, CA-SP1
accumulation of ~40% to 60% was observed for these mutants. The SP1-A1V mutant
showed full resistance, consistent with the effect of this mutation in the clade B context.
Interestingly, the CA-V230M mutation showed high levels of CA-SP1 accumulation even in
the absence of the inhibitor, and CA-SP1 levels were not significantly increased by MI
treatment (Fig. 7B).

We also examined the effect of MI treatment on the replication of the subtype
C-selected mutations in the context of a spreading infection. WT and mutant K3016
molecular clones were used to transfect the HUTR5 T-cell line, and virus replication was
monitored by an RT assay (Fig. 8A to C). Replication of WT K3016 was completely blocked
by 500 nM concentrations of compound 7m and 7r and was markedly delayed by 50, 100,
or 200 nM of the compounds. Replication of SP1-S5N, G10R, and S5N/G10R was delayed by
compounds 7m and 7r, consistent with the partially resistant phenotype observed in the
CA-SP1 processing assay. In contrast, as observed in the clade B context, SP1-A1V conferred
full resistance (Fig. 8A and B). The CA-V230M mutant displayed a significant delay
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at the CA-SP1 junction is indicated. The stippled arrow denotes the location of the CA-SP1 cleavage site.
(B) Effect of the subtype C mutations on the ability of 7m and 7r to block CA-SP1 processing, using the
radiolabeling-based CA-SP1 processing assay (see Materials and Methods). DMSO and BVM are included
as controls. Statistical significance was calculated using Student’s t test. For SP1-S5N, G10R, and
S5N/G1O0R, statistical significance for decreased CA-SP1 accumulation relative to the WT was calculated.
ns, not significant (P > 0.05); *, P < 0.05; **, P < 0.02 (n = 3 independent experiments).

(~1 week) in replication relative to the WT (Fig. 8C), consistent with its inherent defect in
CA-SP1 processing (Fig. 7B), and its replication was minimally affected by BVM, 7m, or 7r
(Fig. 8Q).

We next performed quantitative ICs, determinations for the subtype C resistant
mutants with compound 7r, as we had done for the subtype B (NL4-3) clones (see
above and Materials and Methods). The ICy, for the WT K3016 clone was approximately
250 nM, significantly higher than that observed with NL4-3. The SP1-S5N and SP1-G10R
mutants displayed high but measurable ICg,s, whereas SP1-A1V, SP1-S5N/G10R, and
CA-V230M demonstrated high levels of resistance (Fig. 9A). Data from 3 to 6 indepen-
dent experiments indicated that the MPIs were 88% for WT K3016, 62% for SP1-S5N,
69% for SP1-G10R, and 29% for CA-V230M but <5% for SP1-A1V and SP1-S5N/G10R.

To test whether resistance mutations obtained in the context of one subtype of
HIV-1 would confer resistance when introduced into another subtype, the CA-P157A
mutation that was selected during propagation of NL4-3 (subtype B) was introduced
into K3016 (subtype C), and the SP1-S5N mutation that arose during K3016 propagation
was introduced into pNL4-3. The SP1-G10R mutation could not be introduced into
pNL4-3 because residue 10 of NL4-3 is a Pro and not a Gly. The effect of these mutations
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FIG 8 Effect of Mis on the replication of subtype C mutants. (A) SP1-S5N, G10R, S5N/G10R, and A1V replication in the presence of BVM or 7m. (B) SP1-S5N, G10R,
S5N/G10R, and A1V replication in the presence of BVM or 7r. (C) CA-V230M replication in the presence of BVM, 7m, or 7r. The HUTR5 T-cell line was transfected
with the WT K3016 molecular clone or the indicated mutant derivatives. Virus replication was monitored by an RT assay. Replication curves for the WT without
Mis and replication of the mutants with BVM are replotted in multiple panels for ease of comparison.

on the ability of compounds 7m and 7r to block CA-SP1 processing was evaluated (Fig.
10A and B). We observed that SP1-S5N displayed a modest but statistically significant
reduction in CA-SP1 accumulation relative to WT NL4-3 in the presence of Mls (Fig. 10A).
The P157A mutation conferred nearly complete resistance to 7m and 7r in the context of
the K3016 (Fig. 10B), as shown above in the context of NL4-3 (Fig. 2C). These results
demonstrate that the CA-P157A and SP1-S5N mutations confer similar levels of MI resis-
tance in both the subtype B clone NL4-3 and the subtype C clone K3016.

Evaluation of the replicative fitness of Ml-resistant mutants in primary T cells
and their single-cycle infectivity. To evaluate the ability of the Ml-resistant mutants to
replicate in primary human peripheral blood mononuclear cells (PBMCs), cells from two
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FIG 9 Quantitative assessment of Ml resistance conferred by CA-V230M, SP1-A1V, S5N, G10R, and S5N/G10R. 293T cells were transfected with WT or mutant
molecular clones, and the transfected cells were treated with 22 concentrations of compound 7r between 0 and 8 uM (see Materials and Methods).
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7 for Mac OS X from 3 to 5 independent experiments, as described in the Fig. 6 legend and Materials and Methods. (A) Data from one representative experiment.
(B) Maximum percent inhibition (MPI) calculated from the single-cycle (SC) assays as described in the Fig. 6 legend. The SD is indicated (n = 3 to 5).

donors were infected with WT and mutant viruses, and replication was monitored by
RT activity. The results of this analysis demonstrated that the mutants replicated
with near-WT kinetics or showed modest replication defects relative to the WT (Fig.
11). The CA-P157A and CA-V230M mutants consistently showed lower RT peaks
than the WT in the context of the K3016 clone. However, unlike the highly
replication-deficient and compound-dependent CA MHR mutants selected during
propagation in PF96 (including CA-P157S) (17), the CA-P157A mutant is replication
competent and shows no indication of compound dependence (Fig. 5C and Fig. 11).
To test the effect of the resistance mutations on specific particle infectivity, WT and
mutant molecular clones were used to transfect 293T cells. Virus stocks were
normalized for RT activity and used to infect the TZM-bl indicator line. The
CA-P157A and SP1-A1V mutants showed single-round infectivities of approximately
40% relative to the WT. CA-V230M infectivity was reduced 3- to 4-fold. The other
mutants displayed WT or near-WT infectivities (Fig. 12).

The CA-SP1 processing rate does not always correlate with Ml resistance. A
possible model to explain MI resistance is that resistance mutations increase the
kinetics of CA-SP1 processing, allowing the virus to overcome the effect of the
compound on cleavage at this site (40, 42). We previously investigated the possibility
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FIG 10 Effect of the SP1-S5N mutation in NL4-3 and the CA-P157A mutation in K3016 on inhibition
by Mils. Cells were transfected with WT pNL4-3 or the SP1-S5N derivative (A) or WT K3016 or the
CA-P157A derivative (B) and treated with 100 nM BVM, 7m, or 7r. CA-SP1 processing was quantified
by using the radiolabeling-based CA-SP1 processing assay (see Materials and Methods). DMSO alone
was included as a control. In panel A, statistical significance of decreased CA-SP1 accumulation
relative to the WT controls was calculated using Student’s t test (*, P < 0.05; **, P < 0.02). In panel
B, statistical significance of increased CA-SP1 accumulation relative to the DMSO control was
calculated using Student’s t test. (*, P < 0.05; **, P < 0.02) (n = 3 independent experiments).

that BVM resistance correlates with increased rates of CA-SP1 processing. While we (19)
and others (42, 43) observed an increase in CA-SP1 processing kinetics for the SP1-A1V
mutant, other BVM-resistant mutants displayed CA-SP1 processing kinetics indistin-
guishable from, or in some cases slower than, those of the WT (19). A recent study (40)
used an in vitro CA-SP1 processing assay to confirm that the SP1-A1V mutation
markedly increases the kinetics of CA-SP1 processing. This study also observed more-
modest effects of other CA-SP1 region polymorphisms on CA-SP1 processing, leading
to the suggestion that increased CA-SP1 cleavage kinetics were a major contributor to
Ml resistance. To investigate this issue using a subset of BVM-resistant Gag polymorphs
and Ml-resistant mutants, we measured the kinetics of CA-SP1 processing by using
full-length HIV-1 molecular clones in a cell-based, pulse-chase radiolabeling assay. Cells
transfected with WT pNL4-3 or the SP1-A1V, CA-P157A, SP1-V7A, and CA-V230I/SP1-
V7A derivatives were metabolically radiolabeled for 20 min and then chased in cold
medium for 30, 60, and 120 min. Cell lysates were radioimmunoprecipitated with HIV
immunoglobulin (HIV-Ig). As previously reported (19), the SP1-A1V mutant displayed
more-complete processing to mature CA (i.e., lower levels of CA-SP1) at each time point
(Fig. 13). However, the other mutants tested displayed levels of CA-SP1 relative to CA
that were indistinguishable from those of the WT. As indicated in Fig. 7B, CA-SP1
processing was highly impaired for the CA-V230M mutant. These data demonstrate
that, for this set of mutants, Ml resistance is not a consequence of significantly
enhanced CA-SP1 processing kinetics.

DISCUSSION

In this study, we investigated the development of HIV-1 resistance to second-
generation Mls. Selection experiments were performed with both subtype B (NL4-3)
and subtype C (K3016) clones. In the selections with NL4-3, we obtained CA-P157A
and SP1-A1V mutations; in the selections with K3016, CA-V230M, SP1-A1V, SP1-S5N,
and SP1-G10R changes arose. The SP1-A1V mutant was obtained in previous
selections for BVM resistance (10, 19), but the other mutants reported here were not
observed during selections with BVM. It is important to note that unlike the highly
prevalent CA-SP1 region polymorphisms (e.g., SP1-V7A) that reduce the suscepti-
bility of HIV-1 to BVM (26-28, 36), the amino acid positions at which second-
generation MI resistance arose are highly conserved across multiple subtypes of
HIV-1 (Table 1). For example, Pro-157 is conserved in 99.94% of the >30,000
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FIG 11 Replicative fitness of the second-generation MI-resistant mutants in PBMCs. Virus stocks of WT K3016 and
NL4-3 and the indicated mutant derivatives were prepared by transfection of 293T cells. RT-normalized virus stocks

were used to infect PBMCs from two different donors. Virus replication was monitored by an RT assay.

sequences in the Los Alamos HIV sequence database (https://www.hiv.lanl.gov/
content/sequence/HIV), whereas Ala is present in only 0.01% of these sequences.
These results suggest that although these mutations might arise over time in the
context of Ml monotherapy, preexisting resistance is not likely to be a major concern.
As with currently available antiretrovirals, if Mls are ultimately approved for clinical use,
they would be administered in combination with other anti-HIV drugs.

The selection experiments described here identified a series of mutants with wide-
ranging phenotypes. The SP1-A1V mutant, identified previously in our BVM selections
(10, 19), is highly Ml resistant and, at least in culture, highly replication competent. The
SP1-S5N and G10R mutants conferred low but statistically significant levels of resistance
in terms of CA-SP1 processing, while in spreading infections and single-cycle infectivity
assays, they demonstrated high levels of resistance to second-generation Ml treatment.
The CA-P157A mutant, located within the CA MHR, conferred high-level, but not
complete, resistance in the context of both subtypes B and C. Unlike the highly
PF96-dependent MHR mutant CA-P157S (17), CA-P157A replication was not en-
hanced by MI. Finally, the CA-V230M mutant displayed high levels of CA-SP1
accumulation even in the absence of Mis, and CA-SP1 levels were not significantly
increased in the presence of Mls. As expected, based on its inherently high level of
CA-SP1 accumulation, the CA-V230M mutant showed delayed replication in the
HUTR5 T-cell line, somewhat lower RT peaks in PBMCs, and reduced single-cycle
infectivity. While we cannot formally rule out the possibility that the cell line in
which the selections were performed could have some impact on the mutations
that arose, all of the IC,, analyses for both subtype B and C clones were performed
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FIG 12 Specific infectivities of mutants resistant to second-generation Mls. 293T cells were transfected with
the indicated WT and mutant molecular clones. Virus-containing supernatants were harvested, normalized
for RT activity, and used to infect the TZB-bl indicator cell line. Luciferase activity was measured at 2 days
postinfection. Infectivity of subtype B (NL4-3) clones is in blue, and that of subtype C (K3016) clones is in
orange. The specific infectivities are presented relative to those of the WT (100%). Error bars indicate SDs
(n = 4 independent assays performed in duplicate).

using the same cell line (293T) as the virus producer cells, and results consistent
with those obtained in the Jurkat and HUTR5 T-cell lines were obtained. These results
indicate that the effects of the selected mutations on Ml resistance are not specific to one
or another T-cell line.

In the context of subtype B NL4-3, we observed a very close correlation between
CA-SP1 accumulation and virus infectivity in both spreading infections and single-cycle
assays. Indeed, in our screening efforts performed with hundreds of BVM analogs, we
have consistently observed that CA-SP1 accumulation in our radiolabeling-based CA-
SP1 processing assay is a strong predictor of antiviral potency (our unpublished results).
The correlation between CA-SP1 processing and particle infectivity and replication
appears to be less tight for the subtype C clone K3016. For example, we observe that
7m and 7r are able to significantly increase the levels of CA-SP1 in SP1-S5N, G10R, and
S5N/G10R particles (Fig. 7B), yet these mutants display high-level resistance in both
spreading infections (Fig. 8) and single-cycle assays (Fig. 9). Furthermore, the CA-V230M
mutant displays high levels of virion CA-SP1 even in the absence of an inhibitor (Fig. 7)
and yet is able to replicate, albeit with a delay relative to the WT, and shows only a 3-
to 4-fold reduction in particle infectivity (Fig. 12). It will be of interest to determine
whether the less-stringent correlation between CA-SP1 processing and replication/
infectivity observed with K3016, relative to NL4-3, is a property of this particular clone
or is a general feature of subtype C isolates.

It has long been suggested that the CA-SP1 boundary region adopts a helical confor-
mation (44-47), and early cryo-electron tomography data led to the hypothesis that this
region of Gag forms a six-helix bundle (48). Recent analyses performed by cryo-electron
tomography and X-ray crystallography have confirmed the presence of a six-helix bundle
at the CA-SP1 junction and have defined its structure to a resolution of ~3 to 4 A (21, 22).
An intriguing feature of these recent structures is that the CA-SP1 processing site, which is
cleaved slowly late in the Gag processing cascade, is buried within the six-helix bundle and
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FIG 13 Effect of Ml resistance mutations or CA-SP1 region polymorphisms on CA-SP1 processing kinetics.
Hela cells were transfected with WT pNL4-3 or the indicated mutants and cultured for 24 h. The cells
were starved in Met-Cys-free medium for 30 min and then pulse-labeled with [3°S]Met-Cys medium for
20 min. The cells were then washed, cultured, and lysed at 0, 30, 60, or 120 min. Lysates were
immunoprecipitated with HIV-Ig (n = 3).

is inaccessible to PR (21, 22). The buried nature of the CA-SP1 cleavage site leads to the
suggestion that the six-helix bundle must undergo at least transient unfolding for PR to
gain access to the cleavage site. MI binding may stabilize the six-helix bundle, thereby
limiting PR access and blocking CA-SP1 processing. This is consistent with our previous data
demonstrating that Mls stabilize the immature Gag lattice (49, 50). The SP1-T8| mutation,
like MI binding, also blocks CA-SP1 processing and stabilizes the immature Gag lattice (17,
20). Recent data obtained by integrated nuclear magnetic resonance (NMR), cryo-electron
microscopy (cryo-EM), and molecular dynamics simulations confirm that SP1-T8l stabilizes
a helical conformation at the CA-SP1 junction (51). Wagner et al. (22) recently speculated
that Mls may bind the immature Gag lattice by docking inside a central channel within the
six-helix bundle, and density corresponding to BVM was observed at the center of this
bundle (21, 52).

Multiple mechanisms appear to contribute to the ability of mutations and naturally
occurring polymorphisms in CA and SP1 to confer Ml resistance. (i) It has been suggested
that increased rates of CA-SP1 processing can lead to MI resistance (40, 42). Because the
putative inhibitor binding site spans the CA-SP1 junction in the assembled immature
virus-like particle (VLP), and CA-SP1 processing prevents binding (10, 14, 21, 42), faster
CA-SP1 processing would interfere with Ml binding. This mechanism may contribute to Ml
resistance in the case of SP1-A1V, which exhibits a significantly enhanced rate of CA-SP1
processing (19, 40, 42, 43) (Fig. 13). However, other mutations/polymorphisms that induce
MI resistance display only small increases, or no increases, in the kinetics of CA-SP1
processing (19, 40, 42, 43) (Fig. 13) or, in the case of CA-V230M, significantly impair CA-SP1
processing. (i) Mutations in the CA-SP1 boundary region may directly prevent Ml binding
(53) without inducing dramatic effects on the rate of CA-SP1 processing (40). (iii) Resistance
mutations may offset the ability of MI binding to stabilize the CA-SP1 helical bundle. The
clearest examples of such mutations are those that confer Ml dependence. For example, the

TABLE 1 Amino acid sequence conservation at maturation inhibitor-selected positions®

Amino acid (% conservation)

Gag amino acid “WT” sequence® Resistant sequence
CA residue 157 Pro (99.94) Ala (0.01)

CA residue 230 Val (95.26) Met (0.02)

SP1 residue 1 Ala (99.63) Val (0.017)

SP1 residue 5 Ser (97.83) Asn (0.56)

More than 30,000 sequences analyzed across all subtypes.
bResidue present in wild-type subtype B (NL4-3) and subtype C (K3016) molecular clones.
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SP1-A3V and A3T mutants are assembly defective in the absence of BVM but in its presence
are assembly proficient and replication competent (19). Similarly, the G156E, P157S, and
P160L mutations in the CA MHR and the G225D mutation near the C terminus of CA impose
severe assembly defects that are rescued by the MI PF96 (17). These results are consistent
with the hypothesis that the stability of the CA-SP1 region is fine-tuned to permit both
assembly and CA-SP1 processing; mutations that destabilize this region, like the above-
mentioned MHR mutations and SP1-A3V and A3V, impair assembly and are rescued by the
Ml with which they were selected. Conversely, substitutions that stabilize the CA-SP1 helical
bundle (e.g., SP1-T8I) act, like Mls, to inhibit CA-SP1 processing (17, 20). Although the two
chemical classes of Mls (BVM and its analogs and PF96) act in similar ways, they also exhibit
interesting differences in their behaviors: unlike BVM, PF96 activity is not compromised by
the SP1-V7A polymorphism, and PF96 but not BVM rescues the assembly defect imposed
by the G156E, P157S, and P160L CA MHR mutations (17).

As mentioned above, recent structural studies have provided a 3- to 4-A view of the
six-helix bundle that spans the CA-SP1 boundary region (21, 22, 52). Figure 14 presents
a structural model showing a cutaway of the six-helix bundle and the location of mutations
selected in subtype B (Fig. 14A) and subtype C (Fig. 14B) clones. While these structures
contribute significantly to our understanding of the basis for MI activity and the structural
correlates of Ml resistance, several key questions remain. In particular, it has been proposed
(21, 22, 52) that the compounds dock inside the six-helix bundle, but at the current
resolution, it is not clear how the compounds are oriented within the core of the bundle
(with the extended C-28 side chain facing upwards into CA or downwards toward SP1). It
is also not apparent what impact MI binding has on the structure of this region. These and
other related questions will await higher-resolution structures for the six-helix bundle with
second-generation Mls docked. Such structures will provide insights into why the second-
generation Mls are more potent than the parental compound BVM and could be used to
rationally design additional BVM analogs that are active against the Ml-resistant mutants
reported here. Ultimately, atomic-resolution structures of the six-helix bundle could be used
as a launching point to develop novel Mls that are structurally distinct from either BVM or
PF96.

Mils represent a promising class of anti-HIV compounds currently being pursued for
clinical development. These inhibitors, and mutants resistant to them, have also provided
valuable insights into the role of CA and SP1 in HIV-1 assembly and maturation. Higher-
resolution structural information about the site of MI binding will further elucidate the
molecular mechanism by which these inhibitors act and the function of the highly dynamic
CA-SP1 boundary region in HIV replication.

MATERIALS AND METHODS

Cell culture and transfections. The Jurkat and HUTR5 T-cell lines were maintained in RPMI 1640
medium with fetal bovine serum (FBS) (10%, vol/vol), glutamine (2 nM), penicillin (100 U/ml), and streptomy-
cin (100 pg/ml). HeLa and 293T cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
FBS (5% and 10%, vol/vol, respectively), glutamine (2 nM), penicillin (100 U/ml), and streptomycin (100 pwg/ml).
All cells were cultured at 37°C in a humidified incubator with 5% CO,. 293T and Hela cells were transfected
by using linear polyethylenimine (L-PEI) or Lipofectamine 2000 (Invitrogen) (54, 55). PBMCs (10°) were infected
for 2h with RT-normalized virus stocks prepared by transfection of 293T cells using Lipofectamine 2000
(Invitrogen). Cells were washed and cultured in RPMI 1640 medium with 10% FBS in a 48-well plate.
Supernatants from infected cells were collected every 2 to 3 days postinfection, and virus replication was
monitored by RT activity.

Plasmids. The subtype B molecular clone pNL4-3 (56) and the subtype C transmitted/founder viral
clone CH185 (here denoted K3016 [41], a kind gift from Christina Ochsenbauer and John Kappes,
University of Alabama) were used in this study. Point mutations were introduced into pNL4-3 and K3016
by site-direct mutagenesis using the QuikChange kit (Agilent Technologies).

CA-SP1 accumulation assay. CA-SP1 accumulation assays were performed according to protocols
previously outlined (17, 19, 36, 55), with minor changes. In brief, 293T or HeLa cells were transfected with
WT pNL4-3 or K3016 molecular clones or their derivatives. Mls were added immediately following
transfection. After 24 h, the transfected cells were starved in Met-Cys-free medium for 30 min, with Mls
being added afterward to maintain levels during the labeling period. The cells were then metabolically
labeled using [*°S]Met-Cys express protein labeling mix (PerkinElmer) for 3 h. Culture supernatants were
passed through 0.45-um filters, and virus was pelleted by ultracentrifugation at 60,000 to 70,000 X g for
35 to 45 min. Virus pellets were then resuspended by boiling in a 1:1 mixture of Triton X-100 lysis buffer
and 2X sample buffer. Proteins were separated by SDS-PAGE on 13.5% to 15% polyacrylamide gels. Gels
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FIG 14 Crystal structural model for the CA-SP1 six-helix bundle and location of residues at which mutations
arose during selection experiments with compounds 7m and 7r. Cutaway ribbon diagrams show the back
three helices of the CA-SP1 six-helix bundle. The CA region is in gray, and SP1 residues 1 to 7 are in cyan.
(A) Location of subtype B mutations CA-P157 and SP1-A1; (B) location of subtype C mutations CA-V230,
SP1-A1, and SP1-S5. To-scale structures of compounds 7m and 7r are also included. The CA-SP1 structure
is based on that reported under PDB accession number 514T (22).

were exposed to a phosphorimager plate (Fuji), scanned using a personal molecular imager (Bio-Rad),
and quantified using Quantity One or Image Lab software (Bio-Rad).

Selection for Mi-resistant mutants. Selection experiments with NL4-3 were carried out using the
Jurkat T-cell line according to previously reported methods (17), with minor modifications. Briefly, cells
were transfected with the pNL4-3 WT and continually cultured in flasks with 2 nM compound 7m or 7r.
Cells were split every 2 to 3 days, with viral replication being monitored by RT activity in the culture
supernatants. At peak RT activity, virus-containing supernatants were harvested and used to reinfect
fresh cells, which were cultured at 5-fold-higher concentrations of MI. At the new peak of RT activity, cells
were collected, and genomic DNA was isolated by using a QlIAamp DNA blood kit (Qiagen). The CA-SP1
region was then amplified using primers 1410F (5'-GGAAGCTGCAGAATGGGATA-3") and 2897R (3'-AAA
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ATATGCATCGCCCACAT-5"). PCR products were purified using ExoSAP-IT (Affymetrix) and sequenced
using the primers 1410F (see above) and 1569R (3'-AAGAGGATGACCCTATCCACCTAATAC-5). Selections
with the subtype C clone K3016 were performed in the HUTR5 T-cell line. Briefly, HUTR5 cells were
transfected with K3016 plasmid DNA and continually cultured in flasks with 100, 200, and 500 nM
compound 7m or 7r. Cells were split every 3 days, and virus replication was monitored by quantifying p24
antigen using an HIV-1 p24 antigen capture kit (ABL). At peak HIV-1 p24 concentrations, cells were
collected, and genomic DNA was isolated using a QlAamp DNA blood kit (Qiagen). The CA-SP1 region
was then amplified using the K3016-752F (5'-CCGAATTTTATTTGACTAGCGGAG-3’) and K3016-2307R
(5'-CTGGCCCCCTACTTTTATTGTG-3') primers. PCR products were purified using ExoSAP-IT (Affymetrix)
and sequenced using the primers K3016-752F (5'-CCGAATTTTATTTGACTAGCGGAG-3'), K3016-1306F
(5’-ATCAGAAGGAGCCACTCCAC-3'), K3016-1795F (5'-ACCAGGGGCTACATTAGAAG-3’), K3016-1319R (5'-
TGGCTCCTTCTGATAATGCTG-3'), K3016-1807R (5'-TGTAGCCCCTGGTCCTAATC-3'), and K3016-2307R (5'-
CTGGCCCCCTACTTTTATTGTG-3').

Measurement of antiviral IC,,s. To quantitatively measure the level of MI resistance conferred by

selected mutations, we performed IC,, analyses using single-cycle infectivity assays. 293T cells were
transfected with WT or mutant molecular clones, and cells were treated with 1, 2, 3,4, 5,6, 7, and 8 uM
compound 7r and 1:2 serial dilutions starting from 1 uM for a total of 22 concentrations. Virus-containing
supernatants were harvested, normalized for RT activity, and used to infect TZM-bl cells (39). Luciferase
activity was measured at 2 days postinfection. Infectivity data were analyzed with GraphPad Prism 7 for
Mac OS X. Curves were fit using nonlinear regression as log(inhibitor) versus normalized response, with
a variable slope using a least-squares (ordinary) fit. From these data, we also calculated the MPI (40) using
the equation MPI = 1 — (signal from the average at the two highest drug concentrations)/(signal from
the no-drug control) X 100.

Pulse-chase analysis of CA-SP1 processing. Pulse-chase analysis of CA-SP1 processing was per-

formed as previously described (19). Briefly, HeLa cells were transfected with the pNL4-3 WT or mutants
and cultured for 24 h. The cells were starved in Met-Cys-free medium for 30 min and then pulse-labeled
with [35S]Met-Cys medium for 20 min at 37°C. The cells were washed, cultured at 37°C in DMEM with 10%
FBS, and harvested at the 0-, 30-, 60-, and 120-min time points. The cells were lysed, and lysates were
immunoprecipitated with HIV-Ig (obtained from the NIH AIDS Reagent Program). Proteins were sepa-
rated by SDS-PAGE, and gels were exposed to a phosphorimager plate (Fuji), scanned using a personal
molecular imager (Bio-Rad), and quantified using Quantity One or Image Lab software (Bio-Rad).
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